太陽フレアの電流ループ合体中におけるプラズマ・ジェット及び衝撃波の形成 by 坂井 純一
Pl asma Jet and S hock Formation 
du ring C u rrent Loop Coal escence in Solar Flares 
Jun-ichi Sakai* 
· ABSTRACT 
We report on the results of plasma j et and shock formation during the current loop coalesc­
ence in solar flares. It is shown by a theoretical model based on the ideal MHD Equation that 
the spiral, two-sided plasma j et can be explosively driven by the plasma rotatinal motion in ­
duced during the two current loop coalescence process. The maximum velocity of the j et can ex­
ceed tte Alfven velocity, depending on the plasma f3 ( = cs 2 /v A 2) ratio .The acceleration time get­
ting to the maximum j et velocity is quite short and less than 1 second. The rebound following 
the p lasma collapse driven by magnetic pinch effect can strongly induce super -Alfvenic flow. 
We present the condition of the fast magnetosonic shock formation. We briefly discuss the high 
energy particle acceleration during the plasma collapse as well as by the fast magnetosonic 
shocks. 
1. I N T RO D U CTI O N  
The current loop coalescence model (Gold and Hoyle 1 960;  Tajima et al. 1 9 8 2 , 1 987 ;  for a 
review see Sakai and Ohsawa 1 987) provided keys to understanding many of the characterictic 
of solar flares (Svestka 1 976 ;  Sturrock ed. 1 980;  Kundu and Woodgate eds. 1 986) such as ex­
plosive plasma heating, h igh-energy particle acceleration, and quasi -periodic osci l lation of elec ­
tromagnetic emission. Recent observations (Machado et al. 1 988)  showed that the interaction 
of current loops is an essential ingredient in the trigger of the solar flare energy release. Dur­
ing the coalescence of two current loops, the magnetic energy stored by the plasma current is 
explosively transformed to plasma heating as well as to production of high-energy particles 
through the magnetic reconnection process (see Fig. 1 )  . The energy release is achieved in a 
quasi -periodic fashion (Sakai and Taj ima 1 986) when the ratio B/Bt between the poloidal (Bp: 
produced by the loop current) and the toroidal (Bt: potential field) components of the magnetic 
field is greater than one. We here consider the reverse case, Bp/Bt < 1 .  In this situation the two 
current loops begin to rotate around the reconnection point shown· in Fig. 1 a. After the coalesc ­
ence of two current loops, the single current loop can stil l  do the plasma rotational motion as 
shown in Fig. 1 b-d.  This rotational motion after the magnetic reconnection can be also observed 
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Figure 1 .  Shemtic picture showing the two current loops coalescence (lower part) and plasma 
rotational motion (V � ) induced dur ing the loop coalescence process (upper part) . Spiral, two­
sided jets can be produced by the plasma rotational motion. 
in the computer simulation of the two loop coalescence when Bp/Bt < 1 (Zaidman 1 986) . 
In this paper, we present the results of spiral plasma j et formation driven by the plasma 
rotational motion (V .p )  induced during the two current loop coalescence process. By means of a 
theoretical model based on the Ideal MHD Equations, we find that the spiral, two-sided j ets can 
be explosively produced by the combination of the magnetic pinch effect (collapse) and the 
plasma pressure. The rebound following the plasma can strongly induce the super -Alfvenic 
plasma flow. which generates the fast magnetosonic shock waves. 
2. THE O RETI CAL MODEL 
We consider the single current loop which can be produced by the two current loop coalesc­
ence shown in the Fig. l .  After the magnetic reconnection, the single current loop can be pro­
duced and the plasma can be heated by the magnetic energy dissipation. At the same time, the 
plasma rotational motion (V .p )  around the reconnection point can be induced during the loop 
coalescence process when the ratio Bp/Bt is less than one. 
In order to represent the spiral p lasma j et and spiral magnetic field structure associated 
with the jet, we assume the physical quantities as follows; for the veloc ity components, 
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Vr = (it! a) r, 
( 1 ) 
Vz = (b/b) z , 
for the magnetic field components, 
B10 ( r 
) Br = azt T ' 
B � = �i� 
( 
T) . (2) 
B = 
Bo _ 2 B10 (-z-) z 7 Tb A 
where we used the cylindrical coordinates (r, .P ,  z) , and the dot means the time-dependent scale 
factors, a (t) , c 1 (t) and b (t) can be self-consistently determined from the ideal MHD Equations 
with the adiabatic law (P - p "  ; Y is the ratio of the specific heats) . B10. B2o and B0 are con­
stants and A is a characteristic scale length which we are concerned with . From the continuity 
equation, we find the density p as p = Po/a2b, where Po is a constant. From the Maxwell equa­
tion, we obtain the current j z = cB2o/
2 Tr A a2b, which flows along the loop. The time-dependent 
scale factors can be determined from the equations of motion as follows; 
d2a 
= 
Cs2 2vA2 + a (il_) 2 (ItT A 2a2 r rb r r � c l 
d2b Cs 2 
(ItT = A2a2Y 2b r
, 
2 · 2 2 · 2 • d c 1 VA2 C 1 + C 1 _ 2 a . 2 � = A2a2b � -;-c l 
where Cs 2 = P 10/ Po. VA 2 = B2o2 I 4Tr Po. v A2 = v A CB10/B2o) 
1 1 2 .  
We here assumed that the pressure is given by 
( ) ( )  
P 1 r (t) r2 + P 1z (t) z2 
P r, z, t = Po t 2 A  
where Po (t) , P1 r  (t) and P1 z (t) can b e  determined from the adiabatic law as 
Poo Po =  a2 r b r . 
p lO Pl r = a2 ( Y +l)b Y . 
pl O Pl z = a2 Y b Y +2 ·  
where Poo and P10  are constants. 
- 129 -
( 3 )  
(4 )  
( 5 )  
(6 ) 
( 7 )  
Bul letin of Faculty of Engineering Toyama University 1989 
0 . 8  
0 . 6  
0 . 4  
� 
< 0 . 2  
2: 
� 0 . 0  
- 0 . 2  
- 0 . 4  
0 2 3 4 5 
Time ( z:A) 
Figure 2 . . Temporal variation of the plasma ra­
dial flow veloc ity. At the early stage the 
plasma collapse (V r < 0) can be induced and 
the strong rebound which produces shock 
waves can be enhanced by the magnetic col­
lapse. 
3. JET FORMATI O N  
6 
We show numerical results obtained from 
Eqs. (3) - (5 )  , which determine the all physical 
quantities such as the veloc ity field ( 1 )  and the 
magnetic field ( 2 ) .  The time is normalized by the 
Alfven transit time r A = A /v A· The velocity is 
normalized by tte Alfven velocity v A which is 
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Figure 3 .  Temporal variation of the plasma jet 
flow velocity normalized by (vAz/ ,\) . The 
maximum velocity (5 .64)  occurs at 0 . 1 1  r A· 
8 . 0  
6 . 0  
" <:l 4 .0 The initial conditions for the veloc ities are V r = � 
- 1 0 -6 (vAr/ A ) ,  Vz = 1 0 - 6 (vAz/ A ) and V 1> = 
0. 1 (vArI A ) . The plasma f3 ratio is taken to be 
0 .0 1 .  We take B1o = Bzo = - 1 and Y = 5 / 3 .  
Figure 2 shows the time profile o f  the radial 
plasma flow veloc ity (a/ a) which is normalized 
by v A (rI A ) . The initial plasma rotational veloc ­
ity (V <P = 0 . 1  (vAr/ A ) )  can drive the plasma 
collapse (V r < 0)  mainly by the j z  X B 1> force, 
which corresponds to the second term of the 
right-hand side of the equation (3 ) . During the 
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Figure 4. Shock formation condition : after the 
time when lba > /2 is satisfied, the 
shock waves can be generated . 
plasma collapse the explosive plasma jet in the z -direction can be produced as seen in Fig. 3 .  
The acceleration time getting t o  the maximum velocity o f  the j et i s  quite short and 0 . 1 1  r A· The 
plasma jet can be driven by the combination of two forces, namely, the j z  X B <P (which drives 
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the collapse) and tte pressure gradient ap I az .  The maximum velocity (V z.max) obtained during 
the short period is not so sensitive to the initial rotational velocity. We found the same-results 
for the cases V � = 0.0 1 - 1 (vAr/ ). ) . The most important parameter which determines the 
maximum velocity and the acceleration time is the plasma fJ ratio. The summary of the results ' 
is shown in the Table. When the plasma fJ ,  ratio decreases, the maximum jet velocity decreases 
and the acceleration time becomes long. While the fJ increases, the maximum jet velocity in­
creases and becomes super-Alfvenic within the very short time period. , 
The plasma jet obtained here shows the two-sided flows which originate from the current 
coalescence region as seen in Fig. l .  
4. SH OCK FO RMATI O N  
As  seen i n  the previous section, the strong 
spiral plasma jet can be produced during the 
plasma collapse (V r < 0) . The j et flow may be­
come super-Alfvenic when the plasma p ratio in ­
creases. The super-Alfvenic j et flow can induce 
the Alfvenic shock waves along the current loop. 
On the other hand, the plasma rebound (V r > 0) 
can occur following the plasma collapse (see 
Fig. 2) . The velocity of the rebound can be en­
hanced by the magnetic collapse and adiabatic 
compression. We here investigate the condition 
of shock formation by the rebound of the plas - , 
maafter magnetic, collapse. The fast magnetosonic, 
Table: Maximum jet velocities and acceleration times 
reaching the maximum velocity for different 
plasma fJ ratios with the same initial conditions. 
V Z:max (VA+) , Accele�ation p Time ( rA) 
10-4 0 . 68 o . n  
10-3 1 . 77 0 . 38 
w-2 5 . 64 0 . 1 1 
10-1  18 . 73 0 . 035 
100 55 . 92 0 . 01 
shock waves can be induced by super -Alfvenic plasma flow when the velocity of the rebound.Vr 
becomes larger than the local magnetosonic velocity. In the low fJ plasma, the condition, V r > 
(VA 2 + cs 2) 1 12 , is given by 
(8 )  
We obtain one condition which be satisfied in Eq.(8). Namely, the term with a parenthesis of . the 
left-hand side must be positive, 
lb� > { 1 + ( :�� ) 2 } 1 / 2 (9 )  
If the condition (9 )  is satisfied , the shock wave can be generated in the region ofx >rs. where rs 
is given by 
_ � ( Bo ) [ · 2 _ 1 ( B1 0 ) 2] - 1 12 r - v b -- a - -- ). s Boo b Bo (10) 
Figure 4 shows the time variation of /ba in the case of B10 = B2o = - 1 . The region where 
/ba >  .(2 is satisfied can be observed in the Fig.4 . The radius rs where the shock wave can 
be produced is around the characteristic scale length A . 
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5. D IS C U SS I ON 
We have shown from the simple theoretical model based on the ideal MHD equations that 
the two-sided plasma jets can be explosively produced within the short time period. If we take 
the characteristic scale length A as A - 1 08 em which corresponds to the loop radius, and the 
Alfven velocity VA = 500km/s, te Alfven transit time is T A =  A /vA = 2 seconds. Therefore 
the acceleration time getting to the maximum jet velocity is 0 . 1 - 1 second, depending on the 
plasma f3 ratio. The two-sided j et flows originated from the current loop coalescense region may 
be observed during the impulsive phase (Doschek et a!. 1 986 ;  Zarro et al. 1 989 ) . 
During the plasma collape, the strong electric field, E = - (V X B) /c can be produced by 
the change of the magnetic field. This strong electric field can generate high energy particles ( ­
Gev) within 1 second (Sakai, 1 98 9) . 
The high energy particcle acceleration by the shock waves is belived to play an important 
role in solar flares (Sakai and Ohsawa 1 987 ;  Ramaty and Murphy 1 987 ) . The shock formation 
mechanism has not been well examined in association with physical processes in the impulsive 
phase. The shock formation by the rebound following magnetic collapse is very effective,even 
though the colliding velocity of the two current loops is much less than the Alfven velocity. The 
fast magnetosonic shock waves generated from the rebound after plasma collapse can strongly 
accelerate protons to the velocity V - J mJ me v A within less than one second ( Ohsawa and 
Sakai, 1987 ) . If the magnetic field is rather strong (wee > Wpe) , the fast magnetosonic shock 
wave can simultanously accelerate both electrons and protons to relativistic energies (Ohsawa 
and Sakai, 1 988 ;  Sakai and Ohsawa, 1 987 ) . 
I thank Drs. T. Taj ima, and J .C. Henoux for fruiful d iscussions.This paper was presented as an 
invited paper on the Second Workshop on Impulsive Solar Flares at the University of New 
Hampshire, 26 - 27 - 28 ,  September 1 988 .  
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